Abstract A titanium implant surface when coated with biodegradable, highly porous, osteogenic nanofibrous coating has shown enhanced intrinsic osteoinductive and osteoconductive properties. This coating mimics extracellular matrix resulting in differentiation of stem cells present in the peri-implant niche to osteoblast and hence results in enhanced osseointegration of the implant. The osteogenic nanofibrous coating (ONFC) consists of poly-caprolactone, gelatin, nanosized hydroxyapatite, dexamethasone, ascorbic acid and beta-glycerophosphate. ONFC exhibits optimum mechanical properties to support mesenchymal stem cells and steer their osteogenic differentiation. ONFC was subjected to various characterization tests like scanning electron microscopy, Fourier-transform infrared spectroscopy, x-ray diffractometry, thermal degradation, biomineralization, mechanical properties, wettability and proliferation assay. In pre-clinical animal trials, the coated implant showed enhanced new bone formation when placed in the tibia of rabbit. This novel approach toward implant bone integration holds significant promise for its easy and economical coating thus marking the beginning of new era of electrospun osteogenic nanofibrous coated bone implants.
Introduction
The uses of implants especially oral implants have increased several folds due to its massive clinical success world-wide. This may be attributed to the fact that oral implants undergoes interference fitting with the bone and thus have remarkable capability of restoring the form and function of masticatory apparatus irrespective of any pathology of the stomatognathic system [1] . Branemark et al. [2] first reported the process of bone integration with titanium implants, and later called this process as ''osseointegration''. The titanium implant interact with biofluid, protein and cells upon its insertion in the jaw [3] followed by blood clot giving rise to angiogenesis, osteoproginator cell migration etc. [4] . Briefly, there are two types of responses upon placement of implants; fibrous capsule formation [5, 6] and bone integration i.e. direct implant-bone contact without an intervening connective tissue (osseointegration) [2] . Osseointegration is desirable while fibrous tissue capsule formation around the dental implant leads to clinical failure [1] . Moreover, biomechanical factors and patient's oral hygiene also contribute to the long-term success of the implants [7, 8] . The amount and nature of osseointegration in titanium implants are determined by surface topography which includes surface roughness [9] , wettability [10, 11] , and surface morphology [12, 13] . Over the years, implants manufacturer have developed wide variety of surfaces with different surface topography exhibiting range of roughness, however it remains a matter of debate regarding the precise modification of specific parameter for which the implant would display optimal dynamics of osseointegration.
To obtain an optimal bone implant surface, the implant should preferably present an osteoinductive and osteoconductive surface irrespective of site of implantation, and regardless of quality or quantity of bone [14] .The approaches for modification of implant surface could be physicochemical, morphological or biochemical [15] . Physicochemical method employs modification of surface charge, surface energy or composition on titanium implants to obtain a favourable biological responses but it shows to lack specificity [16, 17] . By far, the most valued topic among dental implant design alterations are modification of surface morphology which includes the modification of surface properties like surface roughness, wettability etc. to get desirable cellular and tissue responses [12] . Hence, a wide variety of dental implants are being fabricated. Depending on surface topography implants are classified as concave, convex or planar implants [18] [19] [20] ; direction/ orientation of irregularities-isotropic and anisotropic implants [21] and extent of roughness-smooth (\ 0.5 lm), minimally rough (0.5-1 lm) moderately rough (1-2 lm) and rough ([ 2 lm) implants [21] . Machined or turned dental implants are the first generation dental implants with smooth surface but literature suggests that it cannot be used in the compromised bony region apart from exhibiting poor osseointegration [22] . Titanium implants were also subjected to chemical etching by strong acids like hydrofluoric (HF), nitric (HNO 3 ), and sulphuric acid (H 2 SO 4 ) or a combination of these to get a homogeneous roughness however sometimes they lead to porosities ranging from 0.5 to 2 lm [23] , further the suitability of these acids in etching are not determined and warranted further tests [24] . Plasma spray involves depositing thick layers of hydroxyapatite or titanium on the implant surface resulting in increased surface roughness and surface area but some reports claim that such implants have less interfacial bond strength [25] . Grit blasting employs sand, hydroxyapatite, alumina, or TiO 2 particles that are projected onto the implant surface for roughness but the surface produced is prone to bacterial contamination [26] . Biochemical method includes incorporation of biologically active molecules like bisphosphonates into the surface of the titanium implants, however it does not follow a linear releasing pattern [27] apart from inducing gastric injury and delayed ulcer healing in rodents [28] . Although several coated implants are known and reported, they suffer from limitation as discussed above. Therefore, there is a need and scope for coated endosseous implants, especially coated endosseous root form dental implants that address the problems in the existing prior art and exhibit improved or accelerated osseointegration.
Moreover, further to the discussion, the extracellular matrix (ECM) is an ultra-structural three-dimensional complex mixture of functional proteins, glycoproteins, and proteoglycans occupying the intercellular space of all tissues including alveolar bone [29] . ECM are involved in number of functions like structural support and tensile strength, providing focal adhesion sites for cell surface receptors, cell signalling etc. [30] . They are vital and are known to be in a state of dynamic equilibrium with its surrounding microenvironment. Reports suggest that ECM provides niche to stem cells and thereby shields these cells from various stimuli like apoptosis and differentiation. However, they must periodically activate themselves to produce progenitor cells to strike a balance between dormancy and active state [31] .
In addition, the artificial biodegradable nanofibres produced by electrospinning process mimics these ECM and are known to induce certain tuneable favourable features like cell-biomaterial interactions, shaping cell morphology, guiding cell migration, gene expression and differentiation etc. [32] . Artificial ultrafine nanofibrous scaffold mimicking ECM could be fabricated by electrospinning process [33] . The 3D porous scaffold leads to enhance tissue neogenesis by virtue of its high surface area, porosity and biodegradability [34] . Notably, biocompatible polymers like polycaprolactone have shown comparable features to that of collagen in ECM [35] . Gelatin, a natural biopolymer is added to enhance the bioactive functions like favourable cell-coating interactions etc. [35] . Further, there are numerous reports in the literature describing the osteoinductive potentials of dexamethasone, ascorbic acid and beta-glycerophosphate [36] . Earlier, it was reported that dexamethasone induced mesenchymal stem cell differentiation into osteoblast is mediated by LIM-domain protein further by activating WNT/b-catenin signaling-dependent Runx 2 expression [37] . Another possible mechanism could be the modulation of Runx 2 phosphorylation via the mitogen-activated protein kinase phosphatase [38] . Ascorbic acid performs vital role in production of Col 1 into the ECM resulting in increased binding of a1b1 integrins which are known to be prerequisite for osteogenic differentiation [36, 39] . B-Glycerophosphate aids in phosphorylation of ERK1/2 and acts as a source of phosphate for hydroxyapatite [36] . Additionally, hydroxyapatite, an osteoconductive agent, acts as a local source of calcium and phosphates that are vital for mineralization of surrounding tissues [40] [41] [42] [43] [44] [45] . Hence, for the preliminary in vivo evaluation, we chose a dual optimization strategy by incorporating both osteoinductive and osteoconductive chemicals in deriving the ECM mimicking osteogenic nanofibrous coating.
We hypothesize that titanium implants coated with our novel osteogenic nanofibres will enhance the rate of osseointegration (Fig. 1A) . Herein, we were successful in fabricating the nanofibrous coating having osteogenic property around the titanium implant by modifying the electrospinning set-up (Fig. 1B) and conducted its characterization study. The aim of the study was to evaluate the biological properties of the osteogenic nanofibres coated (ONFC) titanium implant in vivo.
Materials and methods

Materials
Polycaprolactone, Type A-Gelatin, and Resazurin sodium salt were purchased from Sigma Aldrich, USA. 2,2,2-Trifluoroethanol was obtained from Spectrochem, India. Titanium bone screws, 2 mm 9 5 mm were purchased from Lynx, Equinox, Netherlands. Beta-glycerophosphate, Dexamethasone, Ascorbic acid, Hank's balanced salt solution, Fetal bovine serum, Amphotericin B, trypsin-EDTA solution were purchased from Himedia. Hydroxyapatite was obtained from Budenheim, Germany.
Fabrication of nanofibrous coating around the titanium implant
Polycaprolactone 5% (w/v), gelatin type A 0.5% (w/v), dexamethasone 0.032% (w/v), Beta-glycerophosphate 0.5% (w/v), ascorbic acid 0.04% (w/v), and hydroxyapatite 0.04% (w/v), were dissolved in 2,2,2-trifluoroethanol to get a uniform polymer blend. The polymer solution was aspirated into the syringe and placed in the syringe pump. A minimal flow rate of 0.34 ml h -1 was maintained. The distance between the tip of the needle and collecting plate was approximately 13 cm. The electric field induced by DC voltage results in changing the tear shaped drop coming out of the needle into an elongated conical structure known as tailor cone which burst into nanofibres. Voltage difference applied was kept preferably at 15 kV. A DC motor attached to power source was used to coat the titanium bone screws. The tip of each titanium screw was attached to the extended shaft of the DC motor via chuck and later placed between the tip of the needle and the copper collecting plate covered with aluminium foil. The distance of the screw from the tip of the needle was * 6 cm. The nanofibres were allowed to coil around the rotating screws attached to the shaft of motor for 2 min. Rate of rotation of shaft was 50 rpm (Fig. 1B ).
Characterization of nanofibrous coating
Environmental scanning electron microscopy (ESEM)
The electrospun osteogenic nanofibrous coated (ONFC) and uncoated titanium bone screws were analysed using an FEI Quanta 200, operating under high-vacuum conditions at an accelerating voltage of 0.7-30 kV. All samples were sputter coated with platinum using auto fine coater JFC-1600 (JEOL, Japan), utilizing 10 mA current for 250 s prior to imaging. The fibrous coating was characterized by fibre distribution, uniformity and general topography.
Fourier transform infrared (FTIR) spectral analysis
ATR-IR spectrometer, Bruker Tensor 27 (Germany) was used to scan the osteogenic nanofibrous coatings (ONFC) and its individual additives viz. polycaprolactone, gelatin, beta-glycerophosphate, dexamethasone, ascorbic acid and hydroxyapatite for comparative study. The samples were dissolved in chloroform and placed between the CsBr plates and loaded onto the instrument for spectral analysis. FTIR spectra were recorded from 4000 to 500 cm -1 with a resolution of 1 cm -1 .
X-ray diffraction (XRD) analysis
XRD patterns were recorded by X-ray diffractometer (SmartLab, X-ray diffractometer, Rigaku) using Cu anode at 40 kV and 30 mA in 2h range of 10°-90°. Samples consisting of osteogenic nanofibres (ONFC) and its individual additives were loaded in the instrument.
Thermogravimetric (TGA) analysis
The examination of thermal properties of osteogenic nanofibrous coating (ONFC) and its individual additives were performed by Thermo gravimetric differential thermal analyser (Model-Diamond TG/DTA) Perkin Elmer, USA. Approximately, 3 mg of samples were used per run. Samples were heated from room temperature to 1000°C in a N 2 environment at a heating rate of 10°C min -1 .
Mechanical properties
The ONFC and PCL nanofibres were evaluated for their mechanical properties by using a Universal Testing Machine (Tinius Olsen, USA). The samples (n = 7) for each group were cut into 10 mm width and 32 mm in length. The ends of the samples were mounted on the gripping units of the machine, and a load of 10 kN at an extension rate of 10 mm min -1 was applied until failure.
Surface area and porosity analysis
Nitrogen adsorption isotherms at 77 K were measured by using a surface area analyser (Quantachrome Autosorb As-1 Version-1.55). The pore size distribution (PSD) was calculated from the adsorption branch using the BarrettJoyner-Halenda (BJH) method. Both ONFC and PCL nanofibrous coatings were subjected to the comparative analysis.
Atomic force microscopy analysis
The surface morphology of the osteogenic nanofibres were analysed using the atomic force microscope (AFM) in tapping mode (MPF-3D-BIO, Asylum Research, Oxford instruments) using a 100 kHz silicon nitride tip (Olympus) under ambient conditions with scanned areas of 20 lm 9 20 lm. The images were scanned at pre-determined areas for each sample. The surface topography of osteogenic nanofibrous coating (ONFC) and pure titanium bone screws were compared and analysed.
Contact angle measurement
Water contact angles were obtained using the sessile drop technique with a GBX scientific instrument (Romans, France). The drop image was stored by a video camera (Nikon) and an image analysis system (WinDrop??) calculated the contact angle from the shape of the drop. Both the samples i.e. ONFC and PCL nanofibres (n = 7), were kept on a sample stage and 1.5 lL of distilled water was dropped at pre-determined sites with time period (T = 100 s) observation. The average of left and right angles for each drop was used for calculation of the final contact angle. All wetting angle experiments were conducted in a laboratory atmosphere controlled at 23°C with 70% relative humidity. The wettability of pure titanium implant was obtained from literature [46] [47] [48] .
Cell viability assay
The viability and proliferation of L949 mouse fibroblast (3.5 9 10 6 cells) seeded in ONFC and PCL nanofibrous coating were investigated by Resazurin sodium salt. After 48 h of incubation at 37°C in 5% CO 2 , complete media having resazurin dye at concentration of 200 lM were added in the respective wells. Measurements of the reduced resazurin to resorufin were conducted by using SpectraMax M2 microplate reader (molecular devices) at the excitation wave length of 560 nm and the emission wave length of 590 nm.
Biomineralization activity
Equal weight and shape of ONFC and PCL nanofibres were immersed in 5 ml of simulated body fluid (SBF) for a period of 7, 14 and 21 days at 37°C. SBF was prepared as described previously by Kokubo et al. [49] . Later, these nanofibrous mats were rinsed with distilled water and allowed to dry at room temperature. The mineralization response of the ONFC and PCL nanofibres were evaluated by environmental scanning electron microscopy (ESEM) and energy-dispersive x-ray spectroscopy (EDX).
In vivo study
Animal surgery
One skeletally mature male New Zealand white rabbit, weighing more than 3 kg was used in the study. The experiment was approved by the local ethical committee for animal experiments, ACTREC-TMC Navi Mumbai-WIHC/3596-TMH-IITB-ACTREC (Animal study proposal no. 03/2016). The rabbit was screened for pathological infections and was found healthy with normal blood biochemistry and haemogram. The pilot rabbit received two screw type titanium implants in each tibia. Before the surgery, ONFC and uncoated titanium implant were sterilized by irradiating with 25 kGy of gamma rays for 36 h. On the day of surgery, the rabbit was anesthetized with intramuscular injection of 35 mg kg -1 body weight of ketamine and 5 mg kg -1 body weight of xylazine. The surgical sites i.e. medial part of tibia, were prepared by clipping the fur on both hind limbs from the ankles to above the knees. The surgical area was aseptically cleaned with chlorhexidine solution followed by disinfection with 10% povidone iodine and 70% alcohol. A sterile bandage was wrapped around both the feet of rabbit and later tied and fixed with the operating table to avoid sudden jerking of limbs during the surgical procedure and subsequently draped for surgery. The skin above the proximal tibia was incised and the subcutaneous tissue was bluntly dissected all the way down to the periosteum. Periosteum was incised and bone was exposed. Implant sites (two), one in the proximal diaphysis and one in the central diaphysis, at a distance of 3 cm in between, were prepared in each tibia. Cavities of 6 mm depth reaching into the medulla were created by intermittent drilling with a 2 mm drill bit under continuous irrigation with normal saline. The ONFC and control implant (two of each) were inserted into the prepared sites on the left and right tibia respectively (see supplementary data).
Subcutaneous tissues were sutured using absorbable 2-0 chromic catgut and skin was closed using 2-0 non absorbable silk suture. Povidone iodine 5% ointment was applied on the stitches and later 0.03 mg kg -1 buprenorphine was administered subcutaneously. The rabbit was placed in a cage during recovery. Postoperative radiographs (AP and mediolateral) was taken immediately after surgery to rule out intraoperative fractures and complications and to help determine implant orientation and alignment (see supplementary data). Post-operative pain control was achieved with subcutaneous administration of 0.05 mg kg -1 buprenorphine. After 6 weeks, post-surgery, the rabbit was euthanized with Pentobarbital 100 mg ml -1 .
Micro CT analysis
The tibia of rabbit (n = 2) containing ONFC and control implants were scanned by a micro-computed tomography (Gamma Medica-Ideas, FLEX TM Triumph TM Pre-Clinical Imaging System) in an axial, sagittal and coronal direction, being horizontal for axial/sagittal and vertical for coronal to the long axis of the implant to compare the bone mineral density (BMD) and bone mineral content (BMC) of periimplant area. The samples were scanned at 40 keV voltage, with exposure time of 600 ms. The focal spot was 84 lm with 29 magnification having field of view (FOV) 59.2 mm. The acquisition time was 19 min. The data was observed and analysed by MicroView and OsiriX software respectively.
Histology
Histological analysis of peri-implant tissue for ONFC and uncoated titanium implant were analysed. The tissues samples were fixed with 10% neutral buffered formalin, sectioned, dehydrated with graded series of ethanol, defatted in acetone, perfused with resin, polished and stained with Stevenel's blue. An optical microscope was used to examine the stained bone-implant interface for evaluation of regenerated osseous tissue.
Statistics
The statistical significance of the results were evaluated using the paired Student's t test. Null hypothesis was rejected at p \ 0.05. Data significance is indicated with (*) for p \ 0.05 (**) p \ 0.01 and (***) p \ 0.001. Results are reported as mean ± SEM (standard error of mean).
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3 Results and discussion
Characterization study of nanofibrous coating
The surface appearance of the mechanically polished pure Ti sample (uncoated) represented the distinct orientation of irregularities (anisotropic) exhibiting tiny fissures and fuzzy grain edges with smooth shapes formed by virtue of its manufacturing process (Fig. 2B) . Following electrospinning, the nanofibrous coating was examined under scanning electron microscopy. The individual fibres of the nanofibrous coating had an average diameter of 224 ± 5 nm. SEM images revealed that the fibres were randomly oriented and were bead free having mostly uniform diameter (Fig. 2D) . It is to be noted that the individual fibres exhibited somewhat a flatter rather than a circular morphology in cross section mostly due to evaporation of the trapped solvent leading to collapsing of the fibres [50, 51] . In the Fig. 3A , PCL, PCL-G and ONFC exhibits infrared spectra in the same region suggesting that they have same chemical bond. Some of the peaks that were common to ONFC, PCL and PCL-G are 2945 cm -1 due to CH 2 stretching, (falls in the first region and have range from 4000 to 2500 cm -1 corresponds to N-H, C-H and O-H bond) 2866 cm -1 due to CH 2 stretching, (falls in the first region and have range from 4000 to 2500 cm -1 corresponds to N-H, C-H and O-H bond) 1730 cm -1 due to carbonyl stretching, (falls in the third region and have range from 2000 to 1500 cm -1 corresponds to absorption caused by double bond such as C=O, C=N and C=C) 1242 cm -1 due to COC stretching, (falls in the fourth region and have range from 1500 to 400 cm -1) [52, 53] . The IR band of the amide group (NH 2 ) could be seen in the spectrum of ONFC and PCLG due to incorporation of gelatin. The band of gelatin appeared at 1650 cm -1 (amide I) and 1540 cm -1 (amide II). Amide I, the most intense absorption band in proteins is determined by backbone conformation and hydrogen bonding pattern [54] .The band of gelatin appeared at 1650 cm -1 (amide I) probably be due to the random coil/a-helix structure of gelatin. The characteristics absorption band at 3306 cm -1 in association with the NH stretching vibration in gelatin incorporated in the ONFC could be seen in the spectra. The peak at 1730 cm -1 which is related to the stretching vibration of Fig. 3 Characterization of ONFC and its individual components with A FTIR, B XRD, and C TGA. A Shows the appearance of the amide groups i.e. 1650 and 1540 cm -1 in the FTIR spectra of the ONFC indicating that the PCL chains were chemically bonded to gelatin leading to introduction of functional group such as NH 2 , COOH in the nanofibres. The other components doesnot provides significant IR peaks in the ONFC spectra probably due to its limited incorporation in the composite coating. B Shows X-ray diffractogram of osteogenic nanofibrous coating (ONFC) and its additives. Shifting of diffraction peaks to higher angles for ONFC is seen suggesting the formation of different crystalline structure. C Shows the TGA curves of osteogenic nanofibrous coating (ONFC) and its additives. The thermogram of ONFC shows a distinct two-stage degradation profile confirming the grafting of all components and formation of sterocomplex fibres
the carbonyl groups associated with the ester bond in PCL is seen in the IR spectra of ONFC. The XRD of ONFC shows low intensity, semi crystalline diffraction peaks at Bragg's angles 2h = 21.44 and 23.84 which is due to (110) and (200) reflections of PCL present in the ONFC (Fig. 3B) [55] . The pure PCL has a polyethylene-like crystal structure with orthorhombic unit cell parameters where the two prominent peaks are 2h = 21.34 and 23.67 [56] . With the addition of chemicals like gelatin, hydroxyapatite (HA reference peaks, JCPDS card No. 24-33), beta-glycerophosphate, dexamethasone and ascorbic acid the intensity of 2h decreased with right shift and become amorphous broad peaks for ONFC suggesting the formation of different crystal form and a less ordered structure or a lesser degree of crystallinity in the blend fibres. These data demonstrate that crystal forms and the orientation in the blended polymer fibres are different from those found in pure PCL or PCLG nanofibrous membranes. Further, no prominent diffraction peaks due to presence of hydroxyapatite, dexamethasone, beta-glycerophosphate, ascorbic acid and gelatin could be observed or correlated in ONFC, suggesting that they were all dispersed uniformly and no crystalline clusters of these were present within the polymer blend. Figure 3C shows the thermogram of ONFC and its components. The TGA curve of ONFC shows two-stage thermal degradation profile with the initial decomposition temperature at 130.47°C mostly due to breakage of the intermolecular hydrogen bonds and ester pyrolysis induced disruption of polyester chains liberating carboxylic acid group, CO 2 and water along with low molecular mass compounds losing around 2.11% of its total mass [57] [58] [59] .
The second stage decomposition starts at 350.89°C mostly due to cleavage of the backbone of the polymer that occurs above 300°C with protein chain breakage and peptide bond rupture present in the ONFC composites [60] . The thermogram of ONFC shows increase in degradation temperature and a significant shift of weight loss occurs towards higher temperature, approximately 40°C higher when compared to pure PCL nanofibres suggesting that ONFC have increased thermal stability. This further supports the formation of stereocomplex ONFC [59] .
The tensile stress of ONFC was found to be 5.3 ± 0.9 MPa, however for pure PCL nanofibres the tensile stress was 1.6 ± 0.10 MPa (Fig. 4B) . The higher tensile strength of ONFC compared to PCL nanofibres may primarily attributed to increase in crosslinking of gelatin and incorporation of osteogenic chemicals. It was reported earlier that increase in gelatin ratio in the PCL nanofibres results in improved mechanical properties and our studies shows complimentary findings [61] . The Young's modulus and percentage elongation for ONFC was found to be 13.96 ± 3.91 MPa and 57.34 ± 6.8 (%) when compared to pure PCL nanofibres with Young's modulus of 4.38 ± 0.60 MPa and percentage elongation of 45.15 ± 2.91 (%) respectively. The combine effect of gelatin and osteogenic chemicals in the nanofibres results in improved values of ONFC when compared with pure PCL nanofibres and is in accordance with other studies [62] . Further, literature suggests that the tensile strength of ONFC could not only support chondrocytes [63] and bone (3.5 MPa for cancellous bone) [64] but also provides adequate stiffness by mimicking ECM in the alveolar bone to regenerate periodontal tissues [65] . Additionally, the nano-architecture of the electrospun fibres of ONFC and PCL nanofibres were analysed by Brunauer-Emmett and Teller (BET) measurements. As shown in the Fig. 5A the N 2 adsorption desorption isotherm for the ONFC shows a type IV isotherm with a type H2 hysteresis according to the IUPAC classification which suggests that ONFC have mostly mesopores. The hysteresis loop may be associated with the capillary condensation in the ONFC. Pore size distribution of ONFC (Fig. 5C) shows that mesopores are in overwhelming majority while macropores are less frequent and are in accordance with our ESEM results. Further, as seen in Fig. 5B , PCL has type III isotherm pattern according to the IUPAC classification and displays a hysteresis loop of H3 in the range of 0.01-0.98. Additionally, the pore size distribution curve of PCL shows cluster of pores ranging around 1.2 and 3.0 nm (Fig. 5D) . These results proves that the nanofibrous mat of PCL have mostly mesopores. Hence, we can conclude that although ESEM confirms the presence of macropores, the porous coating of ONFC is mainly dominated by mesopores. Notably, compared with PCL nanofibrous coating (surface area = 12.55 m 2 g -1 ), ONFC nanofibrous coating (surface area = 12.94 m 2 g -1 ) demonstrate considerably higher BET specific surface area. Hence, we presume that our ONFC nanofibrous coating with interconnected pores resembling ECM will result in better infiltration of cells and subsequently regeneration of intended tissues [66] .
Upon AFM analysis, the ONFC nanofibrous coating exhibited an isotropic terrain of microscaled valleys and ridges corresponding to the texture of non-aligned osteogenic nanofibrous coating having an average roughness of 392 ± 23 nm (Fig. 6A) . However, the uncoated pure titanium surface exhibited a smooth surface morphology with roughness of 1.5 ± 0.43 nm which corresponds to previous reported values in the literatures (Fig. 6B) [6] . The topographic profile curves further confirms that ONFC nanofibrous coating have more crests and toughs compared to smooth surface of pure titanium implant which shows a straight line profile in accordance with our ESEM results (Fig. 6C, D) . Upon closer inspection of uncoated titanium surface (nano-scale range) the profile curve shows irregular valleys and ridges (1-5 nm) suggesting that titanium implant have nano groves and ridges on its surface (data not shown). There are conflicting reports in the literature which suggests an increase in cell adhesion and proliferation with increase roughness [67] while other indicates an existence of optimum range of roughness to evoke a favourable biological response [68] . However, modification of surface topography of titanium implants with roughness comparable to ours i.e. in order of 0.2-0.6 lm showed enhanced adhesion and proliferation of cells [69] . Evaluation of wettability properties (Fig. 6E ) reveals that pure PCL nanofibrous coating shows increase magnitude of contact angle i.e. 116°± 1.9°, displaying hydrophobic surface features which is in good agreement with the previous studies [70, 71] . However, the contact angle of ONFC showed significant lower contact angle i.e. 30.4 ± 2.27°C due to incorporation of hydrophilic additives like gelatin, hydroxyapatite and ascorbic acid. This result further implies that the additives used in ONFC are successfully grafted to form a homogeneous nanofibres coating. The contact angle of pure titanium implant is 64 ± 2°according to various published reports [46] [47] [48] .
Literature suggests that moderately hydrophilic surfaces (20-40 degrees water contact angle) like the surface of our ONFC implant promotes the highest levels of cell attachment [72] . In continuance with the above discussion, the cytotoxic and biocompatibility evaluation of ONFC was compared to PCL nanofibres which is a well-established biocompatible material. We found no significant difference in the amount of fluorescence due to reduced resorufin as depicted in the Fig. 6F . The standard curve obtained shows a time related increase in resorufin indicating that the culturing cells in the ONFC are not detrimental to cell viability.
For examining the biomineralization activity, the images of ONFC evaluated after 7th day showed sporadic bioactivity in forming crystals (Fig. 7A) . The ESEM image of the ONFC sample of the 14th day showed random mineralized cluster areas along the surfaces of fibre network (Fig. 7C) . However, on examining the ESEM images on 21st day, ONFC was found to be completely covered with packed petal-like grains (Fig. 7E) . The densely packed polygonal nanocrystals were similar to the clusters of mineral precipitates and resembles the structure of secondary bone ECM. The EDX results of ONFC after immersion in SBF confirmed the presence of calcium and phosphorous on the surface of the deposited layer (Fig. 7B,  D, F) . The Ca/P molar ratio of all the samples (n = 3) ranged from 1.41 to 1.52 which is close to that of stoichiometric hydroxyapatite (Ca/P = 1.67), proving that the layer formed after soaking in SBF for 7,14 and 21 days are indeed the apatite layer. Hence, it could be inferred that the ONFC was initiating the mineralization process and promoting crystal growth. In contrast, the ESEM and EDX analysis revealed that the plain PCL nanofibrous scaffold does not support heterogeneous calcium phosphate nucleation and growth. The scaffold surface appeared to be smooth after immersion in SBF for 7 days (Fig. 7G) . The ESEM images of PCL nanofibres (14th and 21th day) showed few apatite nanoparticles indicating PCL nanofibres does not induce mineralization in vitro (Fig. 7I, K) . The EDX analysis further affirm the conclusion (Fig. 7H , J, L). Apatite crystal formation on the surface of the coated implant body in the SBF solution, is a clear indication of the potential of ONFC to facilitate bone growth and osseointegration (Table 1) .
In vivo study
The micro-CT images as seen in Fig. 8 confirms that the occurrence related to healing of bone followed by osseointegration for both ONFC and control implants occurred uneventfully. Examination of micro-CT images revealed direct contact of newly formed bone with both ONFC and uncoated titanium implants. The cortical diaphysis of tibia displays gradual widening at the contact area of the implants suggesting successful bone integration of implants. Close inspection of the implants in the sagittal plane reveals radiopaque cortical plates approximating the ONFC and control implant surface. However, unlike the ONFC implant which shows uniform and homogeneous contact, the control implants have a nonuniform approximation of cortical plates displaying some radiolucent voids in the bone-implant interface suggesting an inferior grade of osseointegration compared to ONFC implant. When compared to interface of control implants, the ONFC implants have higher contact ratio. The BMD and BMC were higher in ONFC implants i.e. 14.39 and 27.62% respectively when compared to control. The BMD (2018) 15(2) (Fig. 9) .
To quantify the growth of osseous tissue on the ONFC and control implant following approaches were explored.
1. The cortical thickness of bone at various sites were measured to quantify the regenerated osseous tissue. Briefly, in axial and sagittal planes, the length of cortical bones were measured proximally i.e. on either side of the control and ONFC implant-bone interface respectively. The mid-level of implant was also taken into consideration. (Table 2 ). 2. The regenerated bone was also assessed by calculating implant bone integrated volume (IBIV). It is defined as 3D volume of implant with circumscribed regenerated osseous tissue approximately 1.5 mm from centre of the long axis of the implant (Table 3a , b).
The analysis of BMD and BMC values, IBIV and length of cortical bones used for characterization of osseous state in response to ONFC and control implant disclose an increase in their respective values over the control level, 6 weeks post-implantation. The observation may be explained by the fact that osteogenic chemicals incorporated in the ONFC mimicking bone ECM may stimulate interaction of osteoblast and mesenchymal stem cells present in the immediate peri-implant tissue with those present in distal tissues resulting in initiation of cascading events like cell attachment, migration and proliferation, differentiation of stem cells, synthesis of extracellular matrix and local factor production ultimately resulting in incorporation of the implant is the osseous tissue. The osteogenic environment is probably initiated by autocrine/paracrine effects of these local factors. Similarly, the cells located away from the implant surface are also capable of exerting an influence via autocrine/paracrine pathway [73] . Therefore, we believe that enhanced regeneration of osseous tissue could be the result of the induced differentiation of the mesenchymal stem cells by virtue of our ONFC implant.
Histological examination reveals neo-osseous tissue with well-defined architecture in mesial and distal surfaces for both ONFC and control implants. The histological images doesnot indicate the incidence of inflammation, immune response, tissue necrosis or osteolysis 6 weeks post-implantation for both type of implants. Mainly, cortical bone was observed surrounding the implants. Occasionally, sporadic islands of fibrous tissue persists at the interfaces for both type of implants which are in the Fig. 7 ESEM images and EDX analysis of SBF treated ONFC and PCL nanofibres on 7th, 14th and 21st day. ESEM and EDX of ONFC after A, B 7th, C, D 14th and E, F 21st day confirms biomineralization activity. However, no apatite formation was noted in SBF treated PCL nanofibres after G, H 7th, I, J 14th and K, L 21st day. Hence, ONFC was initiating the mineralization process and promoting crystal growth process of being gradually replaced by woven bone. New woven bone and lamellar bone are extensively seen. The ONFC has been degraded during the metabolic process. On close inspection, mature bone deposition is seen on the surface of the ONFC implant. The spreading of osseous tissue into the flank and root space of the ONFC implant is noticeably higher when compared to control implant at the end of 6 weeks post implantation (Fig. 10) .
In general, it can be stated that in ONFC implants, pore size distribution coupled with surface properties resulted in fabrication of favourable topographical substratum yielding accentuated bio-response of mesenchymal stem cells and osteoblasts in the peri-implant zone. The moderately hydrophilic surface feature along with mechanical properties of the biodegradable coating contributed equally for enhanced osseointegration of implant. The intrinsic bioactivity and viability assay of ONFC implant further corroborated the in vivo results.
Our preliminary study showed that micro-CT findings had significant correlation with histological study on undecalcified bone specimen for in vivo quantification of peri-implant osseous microstructure. For comparative study, we choose ROI * 0.5-1 mm from the surface of the implant. The comparisons between ONFC and control analyses showed highly significant correlation and good agreement between micro-CT, histological photomicrograph and our in vitro results. Interestingly, the IBIV of one of the ONFC implant (implant no. 2) was significantly low (Table 3a , b). We ascribe this to the fact that ONFC coating was detached and separated from this implant surface during surgical placement due to sudden pedal reflex of rabbit. The remnants of crumpled and creased nanofibrous coating probably interfered with osteogenesis and might have some inhibitory effect in bone formation. It have been, reported earlier in the literature that physical structure of the biomaterial plays a crucial role in extracellular matrix production and have significant effect in osteoblastic differentiation of mesenchymal stem cells [74, 75] . Hence, caution should be taken during placement of such coated implants. A major limitation in the present study exists due to the use of only four implants in each condition being investigated. Hence, we cannot establish with absolute certainty about the osteogenic potentials of ONFC implant. However, the micro-CT and histological results clearly demonstrate that the ONFC implant results in enhanced bone integration. Therefore, there is a higher possibility of clinical use of our ONFC implants after a more detailed and elaborate study, which is underway.
In conclusion, bioactive ONFC implants were found to surpass the uncoated titanium implant in conventional micro-CT and histological evaluation. The overall findings of this study infers that titanium implants with ONFC to be an efficient alternative to commercially available metallic implants.
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